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Abstract. Long-term experiments have been carried out to investigate the impact of Nickel (Ni) 

coarsening on the performance of Solid Oxide Cell. Durability tests have been performed with H2 

electrode supported cells at 850 °C and 750 °C in fuel cell and electrolysis modes. Microstructural 

changes in the composite electrode of Nickel and Yttria Stabilized Zirconia (YSZ) have been 

characterized by synchrotron X-ray nanotomography. Analysis of the reconstructions have 

revealed that Ni coarsening induces a significant decrease of both the density of Triple Phase 

Boundary lengths (TPBls) and the Ni/gas specific surface area. However, the contact surface 

between Ni and YSZ is not changed upon operation, meaning the Ni sintering is inhibited by the 

YSZ backbone. Moreover, the Ni coarsening rate is independent of the electrode polarization. The 

evolution of TPBls in operation has been fitted by a phenomenological law implemented in an 

electrochemical model. Simulations have shown that microstructural changes in the H2 electrode 

explain 30% of the total degradation in fuel cell mode and 25% in electrolysis mode at 850 °C 

after 1000-2000 h. Moreover, it has been highlighted that the temperature at which the degradation 

is estimated after the durability experiment plays a major role on the result. 
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1. Introduction 

 

Solid Oxide Cells (SOCs), for either fuel cell (SOFC) or electrolysis (SOEC) operation, are being 

given a pronounced interest as they can offer high conversion efficiency due to their high operating 

temperature. Thanks to their reversibility, the same device can be alternatively used in fuel cell 

and steam electrolysis modes. Taking advantage of these characteristics, it has been proposed to 

couple the SOCs with intermittent renewable energy sources in order to match the fluctuations 

between the electricity demand and the production [1]. Besides, as part of the energy is supplied 

in the form of heat, the electrical demand required for the water splitting can be significantly 

reduced in SOEC mode [2].  

 

The SOCs consist of two porous electrodes separated by a dense electrolyte. Typical materials for 

SOCs are Yttria-Stabilized Zirconia (YSZ) for the electrolyte, Ni-YSZ cermet for the H2 electrode 

and Lanthanum Strontium Cobalt Ferrite (LSCF) for the O2 electrode. In planar configuration, the 

cells are assembled with metallic interconnects to form a stack of high power density [3-5]. 

Nowadays, the SOCs durability is one of the main issues of the technology especially when 

operated in electrolysis mode. Indeed, the economic viability of the technology would be achieved 

for degradation limited to few tenth of percent (<0.5%/kh). However, the degradation rates, which 

are in the range of 1%/kh for stacks operated in fuel cell mode, can be increased to 2-3%/kh for 

operation in electrolysis condition [6-9]. The loss in cell performances has been ascribed to various 

physical processes promoted by the high operating temperatures such as electrode poisoning, 

material instabilities, interdiffusion and reactivity [10-14]. Among all these phenomena, the 

microstructural evolution of the Ni-YSZ cermet is recognised to play a significant role in the global 

deterioration of SOCs performances [15-18]. 

 

The morphological change in the cermet microstructure is related to the Nickel phase coarsening 

that arises upon operation at high temperature [15]. The Ni particle growth results in the decrease 

of the density of Triple Phase Boundary lengths (TPBls) where the electronic, ionic and gas phase 

meet [17,19-22]. As TPBls are key parameters corresponding to the electro-active sites for the 

electrochemical reaction of charge transfer, it has been experimentally shown that the Ni 

agglomeration induces a substantial decrease of the electrode polarization resistance [16,23-26]. 
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Therefore, many efforts have been paid to measure the growth of the Ni particle size as a function 

of the operating time on two-dimensional Scanning Electron Microscope (SEM) micrographs [15, 

19, 25-27]. In order to quantify the loss in the density of TPBls, some authors have also 

reconstructed aged electrodes by X-ray tomography [17,21] or by using a Focused Ion Beam 

combined with a SEM (FIB-SEM) [16,22,28,29]. The introduction in electrochemical models of 

the microstructural properties estimated on the 2D cross sections or measured on the 3D 

reconstructed volumes has allowed the quantification of the effect of Ni coarsening on the 

electrode and cell response [17,19,25]. 

 

The precise mechanisms responsible for the Ni microstructural change are not fully understood 

yet. Nevertheless, it is nowadays well established that two distinct underlying phenomena are 

involved in the Ni agglomeration:  

 The first one is related to a kind of Ostwald ripening process based on the local sintering of two 

adjacent particles [27,30]. In this process, the main driving force would be the minimization of the 

Ni specific surface area with the growth of the biggest particles to the detriment of the smallest 

ones [31]. The mechanism, which involves a mass transfer at short-distance, could be controlled 

by (i) a solid-state diffusion of vacancies [30,31], (ii) a surface diffusion involving the transfer of 

Ni atoms or Ni2-OH species [30-35] or (iii) a transport in the gas phase by a local Ni 

vaporisation/condensation under Ni(OH)2 volatile molecules [36,37]. The validity of this 

mechanism in the cermet has been demonstrated thanks to microstructural observations after 

operation, which have highlighted the local Ni reorganisation with a shift of the Particle Size 

Distribution (PSD) toward bigger particles [15,17]. Besides, as expected for this process, it has 

been shown that the kinetic rate of the Ni particle growth decreases with increasing operating time 

[19,25]. Moreover, the YSZ backbone in contact with the Ni particle network is expected to 

interfere with the mechanism by lowering the sintering rates of the metallic phase [33,34]. 

However, this presumed inhibiting effect of the YSZ on the Ni agglomeration has not yet been 

experimentally proven.  

 In parallel to the first process, observations of global compositional change within the electrode 

have been attributed to a mechanism based on a mass transfer at long-distance. In this case, after 

vaporisation into Ni(OH)2 volatile molecules, Nickel could be transported into the gas phase either 

by diffusion in the cermet porosity or even by convection in the channel of gas distribution 
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[17,27,33,36]. In contrast to the first mechanism, the kinetic rate of the Ni evaporation/deposition 

process should not slow down over time, and hence, could be predominant only for very long 

operating times [27]. Besides, it has been observed that the process tends to deplete the 

electrode/electrolyte interface with a displacement of Ni in the bulk part of the cermet [38-40]. It 

has been proposed by Mogensen et al. [38] that the mechanism could be promoted at high electrode 

polarisation. However, the real extent of this mass transfer is still unclear. For example, Hagen et 

al. [39] and Mogensen et al. [38] have reported a massive Ni depletion whereas Rinaldi et al. [40] 

have only observed a very slight relocation of Ni even after an operation of 10700 h. This apparent 

discrepancy points out that the Ni coarsening mechanisms must be strongly dependent on both the 

operating conditions and the cermet microstructure. Indeed, in contrast to Rinaldi et al. [40], the 

cells tested in Mogensen et al. [38] present a functionalisation of the electrode with a fine 

microstructure at the interface with the electrolyte (i.e. a functional layer designed for the 

electrochemistry).  

 

The operating temperature has been found to have a major role on the Ni agglomeration. Indeed, 

the Ni particle coarsening is based on a sintering process which is thermally activated [41,42]. 

Therefore, it has been shown that the Ni agglomeration is favoured when the temperature is 

increased [29,39]. However, this observation is apparently inconsistent with the measured 

electrochemical degradation rates that are found to decrease with increasing the temperature [39]. 

It has also been observed that the steam content in the gas stream accelerates the Ni agglomeration 

[27,29,33]. Indeed, the presence of water in the gas phase is liable to affect both mechanisms, by 

promoting the vaporisation of the Ni(OH)2 gaseous molecules and the surface diffusion of the Ni 

hydroxide complex [27,33]. Finally, it is worth noting that most of the studies have been performed 

in fuel cell mode whereas very few have been dedicated to the electrolysis conditions [17,38]. No 

specific studies have been conducted to compare the effect of polarisation in SOFC and SOEC 

modes on the Ni coarsening. 

 

In this work, it is proposed to investigate the impact of the temperature and the SOFC/SOEC 

polarization on the Ni coarsening. For this purpose, a set of long term tests has been carried out in 

the two modes at different temperatures. 3D reconstructions of the cermet electrodes have been 

acquired by X-ray nanotomography in the bulk and at the electrode/electrolyte interface. After 
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verification that, in our conditions, the Ni depletion at the electrolyte interface is limited and the 

change in Ni volume fraction in the bulk is negligible, the evolution of the cermet microstructural 

properties has been analyzed to study the mechanism of Ni particles growth based on a local 

sintering process. After identifying the parameters for a relevant law, the impact of Ni 

agglomeration on the cell response has also been modelled and discussed.  

 

2. Experimental details 

 

2.1 Materials and cell description 

 

Typical H2 electrode supported cells representative of the SOC technology have been used in this 

work. They have been provided by SOLIDPower® company. The cells exhibit a circular shape 

with an active area of 9 cm2. The electrolyte made of 8%mol Yttria Stabilized Zirconia (YSZ) is a 

dense and thin film of 5 µm. It is coated onto a 260 µm thick porous H2 electrode substrate 

composed of Nickel and YSZ (Ni-YSZ) cermet. The O2 electrode presents a multilayer structure 

which is deposited onto the electrolyte. The active part of the O2 electrode is a porous bilayer 

constituted of a composite made of La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) and 10%mol Ceria doped 

Gadolinium Oxide (LSCF- CGO) (ca. 15 µm thick) associated to a pure LSCF layer (ca. 18 µm 

thick). In order to limit the chemical reactivity between LSCF and YSZ, a thin barrier layer of 

CGO (ca. 2-3 µm thick) is added between the electrolyte and the O2 electrode. Finally, a 20 µm 

thick La0.5Sr0.5CoO3 (LSC) layer is coated on the top of the oxygen electrode to improve the current 

collection. The H2 electrode and the electrolyte were manufactured by water based tape casting 

and co-sintered. Then, the barrier layer and the O2 electrode were applied on the electrolyte by 

screen printing. 

 

2.2 Electrochemical set-up and test conditions 

 

Long-term durability tests have been performed with an in-house set-up already detailed in [43]. 

The anodic and cathodic gases are introduced at the cell center according to a radial co-flow 

configuration. The gas tightness of the H2 compartment is ensured by a glass seal deposited at the 

cell periphery. The electrical current is collected by a Gold and a Nickel grid of 100 mesh.cm-2 at 
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the O2 and H2 sides, respectively. To enhance the electrical contact, a mechanical load of 400 

g.cm- 2 is applied on the set-up. The temperature is controlled by a thermocouple positioned in the 

gas stream at the cell outlet. A bubbler is used to humidify the hydrogen before the cell entrance. 

A buffer was connected to the bubbler outlet to absorb the pressure variation in order to limit the 

steam flow oscillation and reduce the noise on the cell voltage.  

 

The same protocol has been used to start all the experiments before the durability tests and is 

detailed hereafter. The cell is heated up to 900 oC at a rate of 1 oC.min-1 by sweeping the O2 and 

H2 compartments under air and nitrogen, respectively. After 30 min, the temperature is decreased 

to 860 oC for a step of 90 min in order to complete the formation of the glass seal. Once the gas 

tightness of the H2 compartment is achieved, the cermet reduction is conducted at 800 oC. For this 

purpose, the hydrogen content in the gas flow is gradually increased up to reach a pure hydrogen 

atmosphere. This condition is maintained for 2 hours with a H2 flow rate of 5.8 NmL.min-1.cm-2, 

whereas the O2 electrode is fed with air at a flow rate of 41.5 NmL.min-1.cm-2. After the cermet 

reduction treatment, a polarization curve is recorded under the same experimental conditions to 

control the initial cell performances as well as the gas tightness of the H2 compartment. After the 

durability tests, the cell is cooled at room temperature with the H2 electrode fed with a mixture of 

nitrogen and hydrogen to keep the cermet in its reduced state.  

 

The experimental conditions of the long-term tests are summarized in Table I. They were 

performed in galvanostatic mode at current densities varying between -0.75 and -0.5 A.cm-2 in 

electrolysis mode and +0.5 A.cm-2 in fuel cell mode. In order to accelerate the material ageing 

upon operation, a temperature of 850 oC was taken for all experiments except for the Cell no5. In 

this case, the long test was conducted at lower temperature (750 oC) to investigate the role of this 

operating parameter on the degradation. The Steam Conversion (SC) rate or Fuel Utilization (FU) 

have been kept at a constant value. At the O2 electrode side, a rather low conversion rate of 20 % 

was taken to limit the oxygen partial pressure gradient along the cell length. It should be noticed 

that the experiments from Cell no1 to Cell no4 were carried out with a H2/H2O ratio of 50/50 

(2.54 g.h-1 of H2O added to gas stream of Cell no1, 2 and 4 ; 3.81 g.h-1 for Cell no3). This 

composition was chosen to keep the same Open Circuit Voltage (OCV) whatever the operating 

condition in fuel cell or electrolysis mode. This choice allows a direct comparison of the 
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degradation rates recorded in SOFC (Cell no 1 and no 2) or SOEC (Cell no 4) mode assuming that 

the other operating conditions are the same. 

 

Table I – Operating conditions for the galvanostatic long-term tests. 

Cell Mode T (°C) O2/N2 H2/H2O i  (A.cm-2) SC/FU (%) 
1 SOEC 850 21/79 50/50 -0.5 60 
2 SOEC 850 21/79 50/50 -0.5 60 
3 SOEC 850 21/79 50/50 -0.75 60 
4 SOFC 850 21/79 50/50 +0.5 60 
5 SOFC 750 21/79 100/0 +0.5 60 

 

2.3 X-ray nanotomography characterization and electrode properties quantification 

 

Synchrotron X-ray holographic nanotomography experiments have been performed on the Nano-

Imaging ID16A beamline at the European Synchrotron Radiation Facility (ESRF, Grenoble, 

France). This beamline has been designed with the objective to combine a high spatial resolution 

and a large field of view for the 3D reconstructed images. To achieve this goal, the X-ray beam is 

nano-focused by Kirkpatrick-Baez mirrors specifically manufactured for the two energies 

available on the beamline of 17 keV and 33.6 keV [44]. These two energies are especially well 

adapted to penetrate without too much attenuation the SOC electrodes made of strongly X-ray 

absorbing ceramics. In practice, magnified projections of the sample are recorded at four different 

positions between the focal plane and sample and at a large number of angular positions over half 

a turn [45]. Furthermore, to remove inhomogeneities coming from the incident beam, the original 

procedure has been adapted by Hubert et al. [46]. It basically consists in adding random motions 

of the sample between each position of the rotation process. After the data acquisition on the 

beamline, a holographic scheme is used to retrieve the phase information by using dedicated 

programs implemented on GNU Octave software. The tomographic reconstruction is performed 

with the so-called filtered back projection algorithm to obtain the final 3D reconstruction [47].  

The overall method and procedures have been specifically adapted for the SOC electrodes 

[46,48,49]. In this case, the tomography samples are micro-pillars of 50-100 µm in diameter which 

are directly extracted from the cell by using a Plasma Focused Ion Beam (P-FIB Vion, FEI®, 

Hillsboro, OR, USA) working with Xenon [49]. After reconstruction, the 3D volumes present a 

large field of view (50 µm), a small voxel size (25nm) and a high spatial resolution as small as 50 
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nm [49]. The 3D image in grey levels is filtered and segmented with the procedures already 

presented in previous works [48]. The electrode microstructural properties are then computed on 

the segmented volumes with an in-house numerical software thoroughly detailed in other articles 

[50-52]. 

 

For the present study, tomography experiments have been performed on samples taken from the 

Ni-YSZ electrode of the pristine cell and after the durability experiments. The raw data have been 

acquired in the bulk of the cermet at a distance of few tens of micrometers from the 

electrode/electrolyte interface in order to avoid the zone affected by the Ni depletion. To check the 

real extent of this zone, 3D volumes have been also reconstructed at the electrode/electrolyte 

interface. Besides, the micro-pillars for the tomography experiments have been taken at the cell 

inlet for the tests no1, 2, 3 and 4 where the water content in operation was the same (i.e. 

%H2O=50%: cf. Table I). For the test n°5 performed in SOFC mode under dry H2, the 

reconstruction has been carried out with a specimen taken at the cell outlet so that the steam 

condition can be roughly considered identical with the other samples. These localizations for the 

3D reconstructions allow putting aside the effect of steam partial pressure in such a way that only 

the impact of temperature and polarization on Ni coarsening has been investigated in the present 

study. 

 

For all the reconstructions, the microstructural properties have been measured on the percolated 

phases. In particular, the phase volume fraction, the mean phase diameters, the tortuosity factors, 

the specific surface areas as well as the density of TPBls have been quantified on the 3D 

reconstructions. 

 

2.4 SEM characterizations 

 

Complementary to the tomography reconstructions, the Ni-YSZ cermets of the pristine and the 

tested cells have also been observed with a Field Emission Gun Scanning Electron Microscope 

(FEG-SEM Zeiss Merlin, Oberkochen, Germany). To prepare the polished cross sections, the cells 

were cut with a wire saw. The pieces were then embedded under pressure with a polymer resin 

(Epofix®, Denmark) so that the open porosity was filled by the resin. Finally, the samples were 
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gradually polished using a diamond spray of ¼ µm for the final stage. The conditions for the SEM 

observations have been optimized to enhance the contrast between YSZ, Ni and the pores. To this 

objective, the observations were realized in Secondary Electrons (SE) mode at a low acceleration 

voltage (0.5 kV) while the working distance between the sample and the SE detector was lowered 

to 2-3 mm. 

 

3. Results 

 

3.1 Initial cell performances and durability tests  

 

Initial cell performances acquired before the long-term tests are plotted on Fig. 1. Polarization 

curves have been measured at 850 °C for both fuel cell and electrolysis modes. Additionally, 

polarization curves under dry hydrogen in SOFC mode were also recorded at 800 °C. The main 

features of the i-V curves are consistent with the characteristics already reported for the same kind 

of cells [53,54]. This observation validates the start-up protocol as well as the experimental setup. 

Moreover, rather good performances have been achieved whatever the operating conditions 

meaning that the studied cell is well representative of the standard SOFC/SOEC technology. 

 

  

Typical durability curves recorded in galvanostatic mode at +/- 0.5 A.cm-2 (i.e. for fuel cell and 

electrolysis currents) are illustrated on Fig. 2. After a short transient period of around 100-200 h, 

the curves show a linear evolution of the cell voltage as a function of time. The degradation rates 

reported in Table II have been determined on the steady-state regime of the durability curve. It can 

be noticed that two distinct values are given for Cell no5 which has been tested over more than one 

year. Indeed, in this particular case, apart from the short initial transition of 100-200 h, two other 

periods have been detected on the curve. The first one lasted over the first 2000 h of the test while 

the second period went to the end of the experiment with a slightly lower degradation rate. As a 

general comment for all the tests, it is worth noting that rather slow evolutions of cell voltage upon 

operation have been recorded with degradation rates from 3.5±1 to 15.8±3 mV.kh-1 that range in 

the state-of-the-art of the typical values already reported in literature [7,9,55]. 
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The effect of operating conditions on the durability behavior can be discussed from the degradation 

rates provided in Table II. As expected, the degradation rates between Cell no1 and Cell no2 are 

found to be equivalent since the operating conditions are similar. This observation validates the 

test repeatability and reliability together with the setup used for long-term durability experiments.  

As Cells no1, 2 and 4 have been tested in the same conditions of temperature, gas feeding and 

current density at +/- 0.5 A.cm-2, their durability behavior for an operation either in SOFC or SOEC 

modes can be directly compared and analyzed. It is found that the degradation rate in electrolysis 

mode is about three times higher than in fuel cell mode (cf. Table II). In other words, the loss of 

cell performances is found to be significantly higher under electrolysis current. This result points 

out that the higher cell polarization in electrolysis mode would accelerate the material ageing. The 

potential impact of electrode polarization on the Ni coarsening will be discussed in section 3.2. 

Besides, when comparing the degradation rate of Cell no 3 tested at -0.75 A.cm-2 with Cell no 2 

operated at -0.5 A.cm-2, it appears that a higher current density results in an increase of the 

degradation rate. Nevertheless, when the voltage loss is evaluated on the polarization curve at the 

same current density after the durability experiment (i.e. at -0.5 A.cm-2 for Cell no 3), it has been 

found that the degradations of Cell no3 and Cell no2 are almost identical. As a consequence, it 

seems that, in our conditions of test duration, the intrinsic degradation of SOC materials would be 

similar whatever the operating current density between -0.5 and -0.75 A.cm-2. Finally, it has been 

found that the degradation rate in fuel cell mode is substantiality more pronounced with Cell no5 

operated at 750 oC than Cell no4 aged in similar conditions at 850 oC. This unexpected result, 

which has been already observed by other authors [39,56-58] will be discussed in the next section. 

 

Table II – Degradation rates for the galvanostatic long-term tests. 

Cell Mode T (°C) Ageing time (h) Degradation rate (mV.kh-1) 
1 SOEC 850 1500 9.7 ±2.0 
2 SOEC 850 2000 8.8 ±1.0 
3 SOEC 850 2400 15.8 ±3.0 
4 SOFC 850 1000 3.5 ±1.0 

5 SOFC 750 9000 
(1) 13.5 ±0.5 (t<2000 h) 
(2) 4.1 ±1.0 (t>2000 h) 
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3.2 Ni-YSZ microstructure evolution under operation 

 

SEM electrode observations  The SEM micrographs are illustrated in Fig. 3 for the fresh electrode 

and for Cell n°4 and 5 after long-term operation in fuel cell mode (cf. Table II). It can be noticed 

that Ni particles seem to be well distributed on the whole electrode thickness without any clear Ni 

depletion detected at the interface between the H2 electrode and the electrolyte. The SEM 

observations for the other tested cells have led to the same conclusion whatever the polarization in 

fuel cell or electrolysis mode. Therefore, it can be inferred from this preliminary post-test 

characterization that, in our experimental conditions, the Ni volatilization at long-distance would 

be a minor process regarding the Nickel coarsening. As a consequence, the agglomeration should 

be rather controlled by mass transfer at short distance related to a local sintering process. 

 

While no Ni depletion or change in the Ni distribution was detected, the visual comparison of the 

micrographs between the pristine and the operated cells clearly reveals a significant Ni coarsening 

(Fig. 3a compared to Fig. 3b and Fig 3c). Nevertheless, the quantification of the microstructural 

properties on the 2D image is not straightforward and requires assumptions on the topology of the 

electrode microstructure. To overcome this issue, 3D cermet reconstructions have been acquired 

by the X-ray nanotomography. 

 

 

Ni coarsening in the 3D electrode reconstructions  In agreement with the SEM characterizations, 

the inspection of the 3D volumes reconstructed at the interface with the electrolyte has not revealed 

any obvious Ni depletion after operation even in the vicinity of the electrode/electrolyte interface. 

Complementary with the characterizations at the interface, microstructural quantifications have 

been performed on the 3D volumes taken in the bulk of the electrode for all the tested cells. The 

measurements have shown that the cermet does not present any evolution of the phase volume 

fractions for Ni, YSZ and porosity. These analyses indicate that the Ni redistribution at long 

distance within the cermet upon operation is not detectable in our case, and thus, confirm the 

conclusion inferred from SEM observations. They reinforce the statement that the Ni 

volatilization/condensation is a minor process in our conditions. On the one hand, this result could 

be due to our studied electrode that does not present a specific functionalization with a fine 
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microstructure at the interface with the electrolyte (i.e. the cermet does not have a functional layer). 

On the other hand, this result can also be explained by the duration of our tests that are too short 

to unambiguously highlight the volatilization as discussed by Holzer et al. [27]. From this point of 

view, the duration of the long-term tests has to be increased beyond several thousands of hours 

(t > 10000 h) in order to detect this process as shown by Rinaldi et al. [40] on the same kind of 

cells.  

  

Opposite to the evaporation/condensation, the local Ni agglomeration appears clearly on the 3D 

renderings taken in the bulk of the cermet (Fig. 3d-f). The microstructural computations have 

highlighted that the Ni Particle Size Distribution (PSD) is shifted toward larger particle diameters 

due to the local sintering of the metallic grains as illustrated on Fig. 4a for Cell n°2. In other words, 

there is a clear rearrangement of the smallest particles to the biggest ones for the Ni phase. 

Moreover, the analyses of the 3D reconstructions have shown that the ceramic backbone remains 

unaffected by the operation. This statement is illustrated on Fig. 4b where the YSZ mean particle 

diameter is unchanged whatever the duration of the experiments. This expected result confirms the 

stability of the YSZ phase upon SOFC/SOEC operation, validating the reliability of the 

reconstructions. 

 

 

Impact of SOEC vs SOFC operating modes on Ni coarsening  The effect of operating conditions 

on the microstructural evolution can be analyzed thanks to the set of 3D reconstructions. In 

particular, the impact of the cell polarization can be studied from Cells no1 and n°2  operated in 

SOEC mode at 850 °C with respect to Cell no4 operated in SOFC mode at the same temperature 

and absolute value of current densities (i=+/-0.5 A.cm-2: cf. Table I). It is worth reminding that the 

3D reconstructions have been extracted from the cell inlet where the steam partial pressure 

(P(H2O)=0.5) is identical. In these conditions, it is found that the growth of the Ni phase follows 

a typical evolution over time without any specific behavior for the sample operated in fuel cell 

mode (Fig. 5). Therefore, considering the same conditions of temperature, gas composition and 

current density, it appears that the higher cell polarization in electrolysis mode does not change 

the rate of Ni coarsening. This result points out that the electrode polarization under anodic or 

cathodic current should not be involved in the sintering mechanism of the Ni particles in the bulk 
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of the cermet. Therefore, conversely to the destabilization of the O2 electrode material [43], the 

ageing of the H2 electrode appears not to be sensitive to the difference of polarization between fuel 

cell and electrolysis modes. As a consequence, considering our studied cell, the highest 

degradation rate recorded in electrolysis mode cannot be explained by the Ni coarsening, and could 

be induced by the O2 electrode deterioration as proposed in [43].    

 

Impact of temperature on Ni coarsening  The impact of the operating temperature is shown in 

Fig. 5 where the growth of the Ni mean particle diameter upon operation has been plotted for the 

different tested cells. As previously discussed, a significant agglomeration is found for the cells 

operated at 850 oC. For instance, an increase in the particle diameters of more than 30% is 

measured after 2000 h of operation. However, as shown in Fig. 5, this evolution is much more 

limited for the cell tested at 750 oC. In this case, the Ni growth is about 13% after 9000 h. 

Therefore, unlike the cell polarization, the temperature is a key parameter affecting the Ni 

coarsening. This behavior shows that the Ni coarsening is a thermally activated process related to 

the local sintering of adjacent metallic particles. 

 

 

Impact of Ni coarsening on the cermet microstructural properties  The local rearrangement of 

the Ni particles in the cermet (Fig. 4a) leads to a significant increase of the mean phase diameter 

(Fig. 5). This morphological evolution is liable to affect other microstructural properties of the 

electrode. Knowing that the cermet phase volume fractions are not changed upon operation, the 

other parameters potentially affected by the Ni coarsening are: (i) the properties related to the gas 

phase, (ii) the Ni tortuosity factors, (iii) the Ni/YSZ or Ni/gas interfacial surface areas and (iv) the 

density of TPBls. 

 

For the gas phase, the microstructural analyses have revealed that the local Ni reorganization has 

a moderate effect on the mean pore radius. For example, the mean diameter is increased from 0.96 

µm for the pristine cell to 1.16 µm for Cell n°2 after 2000 h of operation. It can be noticed that this 

evolution is in good agreement with the results reported by Khan et al. [26]. As expected, the Ni 

coarsening is accompanied with a noticeable increase of the tortuosity factor for the metallic phase. 

For instance, it is changed from 7.45 for the pristine sample to 8.27 for Cell n°2. This evolution 
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can be easily explained since the growth of the largest particles is done to the detriment of the 

smallest ones. This rearrangement decreases the number and the section area of necks between the 

particles. In the most severe case, the phenomenon can induce the particles disconnection in the 

network, and thus cause the loss of the phase percolation as reported in Costamagna et al. [59] and 

Iwanschitz et al. [60]. This evolution should affect both the geometrical tortuosity and the phase 

constrictivity [50] in such a way that the resulting “apparent” tortuosity factor will be increased. 

However, in practice, this modification is limited so that the effective electronic conductivity of 

Nickel and the electrode performances are not impacted by this modification as already discussed 

in Lay-Grindler et al. [17].   

 

Based on a sintering process, the Ni coarsening is also concomitant with a reduction of its specific 

surface area. However, it has been found that the repartition of the decrease between the interfacial 

surface areas of Ni/gas and Ni/YSZ is not the same. This difference is shown in Fig. 6 where the 

evolution of the interfacial specific surface area between Ni and YSZ is compared with the one 

between Ni and gas for the cells tested at 850 °C. While the Ni/YSZ specific surface area remains 

stable over time, the Ni/gas specific surface area decreases strongly. This statement means that the 

Ni agglomeration in the cermet mainly originates from the rearrangement of the surface in contact 

with the gas whereas the particles are strongly attached to the YSZ backbone. Indeed, the energy 

related to the adhesion of Ni onto YSZ is expected to be much higher than free surface energy for 

the metal [61]. This behavior is likely to prevent the massive Ni sintering at the SOFC/SOEC 

operating temperature, and could explain why the coarsening tends to slow down rapidly with 

time. This inhibition effect of the YSZ network on the Nickel agglomeration has been proposed 

by many authors [62-65]. The precise analysis of the microstructural properties obtained by X-ray 

nanotomography allowed highlighting the crucial role of the YSZ backbone on the Ni sintering in 

the cermet. 

 

 

Finally, it is known that Ni coarsening induces a significant loss of active TPBls. In the present 

work, the microstructural computations on the reconstructed volumes have revealed a substantial 

decrease at 850 °C (Fig. 7a) which appears to be far more limited at 750 °C (Fig. 7b). For instance, 

the decrease of electrochemically active sites in the H2 electrode is about 30% after 2000 hours at 
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850 oC whereas the decline is limited to 12% after 9000 hours at 750 oC. The microstructural 

changes in the cermet are liable to have a strong influence on the cell performances. 

 

 

4. Discussion: Impact of Ni coarsening on cell performances 

 

4.1 Ni agglomeration modelling 

 

In order to assess the impact of Ni coarsening on cell performances, the evolution of the Ni particle 

diameter upon operation has to be modelled. Several kinetic laws have been proposed in the 

literature to calculate the grain-size growth in the cermet. A first phenomenological approach is 

based on geometrical considerations of spheres agglomeration [19,21,25,34]. A second approach 

uses physically-based models for the sintering of two adjacent particles [15,19,26,31,35,36,42,65]. 

In this frame, a mechanism based on a kind of Ostwald ripening process should be relevant to 

compute the local Ni agglomeration in the cermet. Indeed, this model describes the sintering stage 

for which the driving force is the reduction of the free surface energy with a mass transfer from 

small to larger particles (as experimentally highlighted in Fig. 4a. for the Ni particle rearrangement 

and in Fig. 6 for the decease of the Ni free surface). Based on this assumption, the kinetic rate can 

be expressed through a standard power-law equation of the following general form [66]: 

dNi(t)= kpow
dNi ×t + [dNi(t=0)]n 1/n

 with    kpow
dNi =k00×e

-Ea
RT  (1) 

where t is the time and dNi denotes the Ni mean particle diameter. The term kpow
dNi  is the rate constant 

of the thermally activated process. It is expressed according to an Arrhenius law where Ea is the 

activation energy, k00 the pre-exponential factor and R the gas constant. The exponent n is 

characteristic of the predominant mass transport involved in the sintering process. A low exponent 

value corresponds to a local evaporation-condensation process whereas higher values are related 

to surface or bulk solid-state diffusion for agglomeration [67,68].  

 

In order to improve the quality of the fitting, the data set has been complemented by other values 

collected from the literature for a similar cermet [25,62]. As shown in Fig. 5, the data from Tanasini 

et al. [25] obtained at 850 °C on the same cells that the ones used in the present work are found to 

be in perfect line with our measurements. The good agreement between the two sets of data 
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obtained by two different research groups who used different techniques proves the reliability of 

the long-term tests, the post-test characterizations and the microstructural analyses. It can be seen 

in Fig. 5 that the power law model is able to fit accurately the experimental points. For each 

temperature, the best adjustment was obtained for an exponent equal to n=8. The temperature 

dependence was fitted with an activation energy of Ea=204.36 kJ.mol-1. It can be noticed that this 

value is good accordance with the data reported in the literature [41,42]. The high value for n is 

consistent with a surface diffusion mechanism for coarsening [68]. Besides, it could be also related 

to the inhibiting effect of the YSZ backbone on the Nickel agglomeration. Indeed, an increase of 

n reinforces the asymptotic behavior of the model for which the Ni particle size tends toward an 

upper bound for very long operating time.  

 

Even if fewer studies have been dedicated to the loss of electroactive sites upon operation, it has 

been shown that the evolution of TPBls over the time can be modelled with a kinetic law that 

follows the same general form than the one related to the Ni grain-size growth [19,26,42,69]. For 

example, Faes et al. [19] have adapted the so-called “unloading capacitor” model for the Ni grain-

size growth into an equivalent expression to simulate the decrease of TPBls. In the present work, 

the power-law model given in Eq. (1) has been modified in order to describe the decrease in the 

density of TPBls upon operation:   

 ξTPB(t)=2× ξTPB(t=0)- kpow
ξTPB×t+  ξTPB(t=0)

n 1/n
     (2) 

where ξTPB denotes the density of active TPBls and kpow
ξTPB  is a kinetic parameter fitted on the 

experimental data. It can be seen in Fig. 7a and 7b that the law is able to simulate the decrease in 

the density of TPBls with the same exponent than the one use for the Ni particle size increase (i.e. 

n=8). However, it is worth noting that Eq. (2) is purely phenomenological. Other expressions could 

be obtained by introducing the power model in the microstructural correlations that link the density 

of TPBls to the geometrical attributes of the electrode [70-73]. The relevance of such geometrical 

modelling approach to predict the loss of TPBls due to Ni agglomeration will be assessed in a 

future work [74].     

The TPBls being the electrochemical active sites in the H2 electrode, it is expected that their 

significant decrease will affect the performances. This potential electrode degradation due to the 

Ni coarsening is quantified by using a modelling approach in the next section. 
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4.2 Quantification of Ni coarsening on the degradation 

 

Impact of Ni coarsening on the cell performances  An in-house multi-scale modelling has been 

used to simulate the effect of Ni agglomeration on the cell performances. The numerical tool is 

constituted by two ‘micro-scale’ models [75,76] developed for each electrode combined with a 

‘macroscopic’ module describing the cell operation under SOFC [77] or SOEC mode [78]. A 

detailed description of the model architecture as well as all the input parameters requested for the 

cell simulations have been already published in [43]. Therefore, only a brief description of the 

model is provided hereafter.  

At the cell level, the ‘macroscopic’ model describes the radial co-flow configuration of the test 

bench. It allows the local current density, the gas composition, the ohmic losses and the activation 

and concentration overpotentials to be computed along the cell radius. The exchange current 

densities needed to calculate the activation overpotentials at the ‘macroscopic’ scale are calculated 

at the ‘microscopic’ level through the electrode models depending on the local partial pressures 

used as boundary conditions. In this framework, the electrode models include the description of 

the mass and charge transport in the gas, ionic and electronic phases as well as the reaction 

processes occurring therein. For the H2 electrode, the mechanism is limited to a simple charge 

transfer at TPBls [75] whereas a more complex reaction pathway has been implemented for the O2 

electrode [76]. It is worth noting that the equations for mass and charge transfers and the 

expressions for the reactions kinetic rates depend on the microstructural properties computed on 

the 3D reconstructions. In particular, the rate for the reaction of H2 electro-oxidation (or H2O 

electro-reduction) in the Ni-YSZ cermet is directly proportional to the density of active TPBls 

[66]. Finally, as already mentioned in [43], it can be noticed that the models for both H2 and O2 

electrodes have been specifically adapted to describe the structure of the Ni-YSZ cermet and 

LSCF-CGO/LSCF bilayer of the studied cell. 

 

As shown in Fig. 1, an excellent agreement is found between the experimental i-V curves and the 

simulated performances of the pristine cell at 800 oC and 850 oC in SOFC and SOEC modes. As a 

consequence, the model is able to simulate accurately the experimental polarization curves in 
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different operating modes. It can thus be considered as being validated to investigate the impact of 

Ni coarsening on cell performances. 

  

In order to calculate the effect of Ni agglomeration on the cell response, Eq. (2) describing the loss 

of active TPBls has been implemented in the model. In parallel, it has been checked that the 

increase of the Ni tortuosity factor does not change significantly the cell response in such a way 

that it can be neglected for the simulations. Once the model upgraded with Eq. (2), the cell 

performances have been computed upon operation in the conditions of the cell ageing for Cells 

no1, 2 and 4 (i.e. with a ratio of H2/H2O=50/50 at 850 oC and a current density of +/-0.5 A.cm-2 in 

SOFC or SOEC mode cf. Table I). 

 

The computed cell voltage degradation induced by the Ni coarsening has been plotted as a function 

of time in fuel cell and electrolysis modes in Fig. 8a and Fig. 8b, respectively. After 2000 h of 

operation, the calculated voltage loss is around 2 mV in fuel cell condition and 3.5 mV under 

electrolysis current. In this case, the difference in cell degradation between the two modes is simply 

attributed to the higher activation overpotentials for the H2 electrode when operated under 

electrolysis condition [79]. 

 

The simulated evolution of cell voltage due to the Ni agglomeration has been also compared to the 

experimental degradation rates in Fig. 8a and 8b. It is found that the Ni agglomeration explains 

about 30% of the cell voltage decrease after 1000 hours of operation in fuel cell mode (Fig. 8a). 

This observation is consistent with the result of Faes et al. [19], who have reported for stacks tested 

in fuel cell mode over more than 1000 h that the “anode degradation is responsible for 18% to 41% 

of the total degradation”. Nevertheless, as shown in Fig. 8b under electrolysis operation, the 

percentage of the cell voltage degradation ascribed to the Ni coarsening decreases to 20-25% after 

1000-2000 h. This trend is obviously explained since the experimental degradation rates are three 

times higher in electrolysis mode compared to the fuel cell condition (Table II and Fig. 8). As a 

consequence, in spite of a substantial contribution of Ni agglomeration, the microstructural change 

in the cermet does not explain the highest losses in cell performances under electrolysis current. 

From this point of view, other important mechanisms must be involved in the degradation 

especially under SOEC mode. This observation reinforces the assumption that the destabilization 
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of the O2 electrode and its reactivity with the electrolyte could be a major process to account for 

the acceleration of the cell degradation when operated under electrolysis current [35]. Finally, it is 

worth reminding that the present study has been carried out by keeping the same gas composition 

for the fuel cell and electrolysis tests (i.e. H2/H2O=50/50). This particular operating condition was 

chosen for a direct comparison of the degradation rates between the fuel cell and the electrolysis 

experiments. However, for a commercial reversible application, the cell will be fed under dry 

hydrogen for fuel cell operation whereas a high steam content will be used in electrolysis. For 

example, a ratio H2/H2O of 10/90 is used in [40] to test a commercial short-stack in electrolysis 

mode. In this case, the higher steam partial pressure in the gas stream should also participate to the 

degradation by promoting the Ni volatilization for example [27].     

 

Effect of temperature on the cell degradation assessment  As already observed by other authors 

[39,56,57], it has been highlighted that the voltage loss recorded during the long term test at 750 °C 

is higher than the one recorded for the test performed at 850 °C for the same condition of current 

density and operating mode (i.e. in fuel cell mode at i=+0.5 A.cm-2: cf. Table II for Cell n°4 and 

n°5). This statement is inconsistent with the thermally activated behavior of the Ni coarsening. 

Indeed, as shown in Fig. 7, the decrease in the TPBls density is lower at 750 °C than 850 °C. 

Therefore, the unexpected dependence of the voltage loss with temperature could be explained by 

other degradation phenomena. In this case, the degradation mechanisms must be dependent on the 

level of electrode overpotential. Indeed, for the same current density, the electrode overpotential 

is higher at 750 °C than 850 °C. 

Nevertheless, it is worth noting that the temperature at which the voltage loss is measured after the 

ageing test could potentially introduce a bias in the assessment of the degradation rates. Therefore, 

the model has been employed to evaluate the role of the temperature, denoted Tcharact, chosen to 

assess the cell voltage loss after a long-term operation performed in steady-state condition at 

another temperature, denoted Toperation. As an illustration, the degradation has been simulated for 

an ageing over a period of 10000 h in the operating condition of Cell n°4 at Toperation=850 °C and 

- 0.5 A.cm-2. If the temperature is maintained at 850 °C for the post-test electrochemical 

characterization (i.e. Tcharact=850 °C), the cell voltage loss is calculated to be 10 mV at -0.5 A.cm- 2. 

However, if the temperature is decreased for the characterization to Tcharact=750 °C, the computed 

voltage loss at the same current density is increased to 25 mV. In other words, the degradation due 
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to the Ni coarsening is higher if assessed at lower temperature. This result is related to the 

thermally-activated behavior of the electrode activation overpotential. For a given deterioration of 

the electrode material, its impact on the activation overpotential is thus enhanced at lower 

temperature. This remark means that the degradation rates should be evaluated at the same 

temperature after the durability experiments to be compared to each other. Therefore, it appears 

that the degradation rate measured at 750 °C for Cell n°5 cannot be directly compared to rate 

measured at 850 °C for Cell n°4. In other words, the higher degradation rate obtained for Cell n°5 

does not necessarily indicate a higher cell deterioration. This remark could potentially explain our 

surprising results between Cell no4 and no 5 as well as the ones reported in literature on the effect 

of the operating temperature on the degradation [39,56,57].  

 

 

5. Conclusion 

 

A series of long-term experiments (1000 h ≤ t ≤ 9000 h) have been carried out with typical SOCs 

in order to investigate the impact of Ni coarsening on the global cell performances. The durability 

tests have been performed in galvanostatic condition under fuel cell or electrolysis current at 

850 °C and 750 °C. For equivalent operating conditions (i.e. considering the same temperature, 

inlet gas composition and current densities at +/- 0.5 A.cm-2), it has been found that the degradation 

rates are higher in electrolysis than in fuel cell mode. Moreover, it has been highlighted that the 

voltage loss upon fuel cell operation is decreased with increasing the operating temperature. 

 

Observations of the tested cells have been conducted on polished cross-sections with a high-

resolution SEM. The post-mortem characterizations have revealed a substantial Ni coarsening 

whereas, in our testing conditions, the Ni depletion at the electrolyte interface seems to be very 

limited. In order to confirm these results, three-dimensional reconstructions of the Ni-YSZ cermet 

have been obtained by synchrotron X-ray nanotomography for the pristine and operated cells. 

Evolution of the microstructural properties due to the Ni agglomeration have been quantified on 

the reconstructed volumes taken in the bulk of the H2 electrode. 
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The microstructural analyses have shown that the Ni volume fraction remains unaffected by the 

operation confirming that the Ni volatilization followed by its condensation is very limited in our 

experimental conditions. Nevertheless, the Ni phase size distribution is shifted towards bigger 

particle diameters indicating a significant Ni coarsening upon operation. As expected, the process 

is associated to a significant loss of active TPBls. It is also correlated with a strong decrease of the 

Ni/gas specific surface area, while the one between Ni and YSZ is not changed upon operation. 

This result points out that the ceramic backbone limits the Ni sintering in the cermet preventing 

any massive Ni agglomeration to occur in operation. When considering similar conditions of steam 

partial pressure and current density, the rate of Ni coarsening is independent on the H2 electrode 

polarization in fuel cell or electrolysis mode. However, the growth of the Ni particle size is 

thermally activated resulting in a higher material ageing at higher temperature.  

 

In order to simulate the Ni agglomeration, a classical power-law sintering model has been adjusted 

on the evolution of the mean particle size and density of TPBls. A rather high exponent (n=8) was 

necessary to fit accurately the evolution of the microstructural parameters. This value reflects the 

inhibiting effect of the YSZ backbone on the Ni sintering and could be consistent with a 

mechanism controlled by surface diffusion. The adjusted law describing the TPBls decrease over 

the time has been implemented in an in-house multi-scale modelling framework to compute the 

loss in cell performances. The simulations have shown that the microstructural change in the H2 

electrode explains about 30% of the total degradation in fuel cell mode and about 20-25% in 

electrolysis mode at 850 °C after 1000-2000 h. Moreover, thanks to the modelling approach, it has 

been highlighted that the temperature at which the degradation is measured after the durability 

experiment plays a major role on the result. This could potentially explain the unexpected lower 

degradation rates obtained at 850 °C compared to the one observed at 750 °C.   
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Nomenclature 

 

Abbreviations 
CGO Ceria doped Gadolinium Oxide 
FIB Focused Ion Beam 
FU Fuel Utilization rate. It is defined as the conversion rate of hydrogen into 

steam. 𝐹𝑈 = 𝑛 − 𝑛 𝑛  
LSC Lanthanum Strontium Cobaltite 
LSCF Lanthanum Strontium Cobalt Ferrite 
OCV Open Circuit Voltage 
PSD Particle Size Distribution 
SC Steam Conversion rate. It is defined as the conversion rate of steam into 

hydrogen. 𝑆𝐶 = 𝑛 − 𝑛 𝑛  
SE Secondary Electrons 
SEM Scanning Electron Microscopy 
SOEC Solid Oxide Electrolysis Cell 
SOFC Solid Oxide Fuel Cell 
TPBls Triple Phase Boundary lengths 
YSZ Yttria Stabilized Zirconia 

 

List of symbols 
dNi Ni mean particle diameter, µm 
Ea Activation energy, J.mol-1 
kpow

dNi   Rate constant of Ni agglomeration process 

kpow
ξTPB   Rate constant of the TPBls density evolution process 

k00 Pre-exponential factor in the Arrhenius law of kpow
dNi  

R Gas constant, 8.314 J.mol-1.K-1 
Toperation Temperature at which the cell is aged, oC 
Tcharact Temperature at which the cell is characterised, oC 
ξTPB Density of active TPBls, µm-2 
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Fig. 1. Comparison between experimental and simulated polarization curves for a fresh cell in 

different conditions. 
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Fig. 2. (a) Durability curves in fuel cell and electrolysis mode for cells tested at +/- 0.5 A.cm-2 
and (b) a zoom-in of the first 2000 hours for the same cells. A short period of 300h at FU 80% 

and i = 0.66 A.cm-2 can be seen for cell no5. 
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Fig. 3. Post-mortem characterization of the H2 electrode. SEM images of the 
electrode/electrolyte interface for: (a) the pristine cell, (b) Cell no4 and (c) Cell no5. The 
corresponding volume renderings obtained by X-ray nanotomography are presented for (d) the 
pristine cell, (e) Cell no4 and (f) Cell no5. 
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Fig. 4. (a) Particle Size Distribution of the Ni phase for the pristine cell and Cell no2. (b) Mean 
diameter for the YSZ phase measured on the 3D reconstructed volume for the tested cells. 
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Fig. 5. Evolution over time of the Ni mean particle diameter measured on the reconstructed 
volume fitted by a power law model at different temperatures using an exponent equal to 8. 
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Fig. 6. Evolution over time of the specific surface area measured on the reconstructed volume 

between Ni/YSZ and Ni/gas for the cells tested at 850 oC. The data are normalized by the 
initial specific surface area. 
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Fig. 7. Evolution over time of the density of TPBls measured on the reconstructed volumes 

and fitted by a power law model (with n=8) (a) at 850 °C and (b) 750 °C. 
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Fig. 8. Experimental degradation rate compared to the simulated contribution from the Ni 

agglomeration in (a) fuel cell mode and (b) electrolysis mode. 
 


